Surface vibrational spectroscopies, such as infrared (IR), 1, 2 Raman 3,4 and sum frequency generation (SFG), 5 are powerful surface analytical tools for in-situ investigating electrochemical interfaces by providing information at the molecular level. Among these techniques, Raman spectroscopy exhibits several advantages over IR spectroscopy and the SFG technique in analyzing solid/liquid interfaces: 3 (i) easy use of near-UV, visible, or near-IR light sources for the excitation of the Raman process, (ii) transparency of the electrolyte for the light beam, (iii) application of standard electrochemical cells without the need of using thin liquid cells, and hence, (iv) easy combination with electrochemical transient measurements in faradaic and non-faradaic regions, (v) easy obtaining vibrational bands related to the adsorbate-surface interaction in the low-frequency region (<500 cm -1 ). However, the lack of detection sensitivity has been a severe obstacle which had impeded the wide application of Raman spectroscopy in surface science and interfacial electrochemistry. In the absence of any resonance Raman or surface-enhancement processes, the typical differential Raman cross section (dσ/dΩ)NRS is less than 10 -29 cm 2 sr -1 compared with 10 -20 cm 2 sr -1 that of IR. 3 Especially in the analysis of adsorbates on the surface, the molecular quantity present is normally on the order of monolayer, or even submonolayer.
Raman 3, 4 and sum frequency generation (SFG), 5 are powerful surface analytical tools for in-situ investigating electrochemical interfaces by providing information at the molecular level. Among these techniques, Raman spectroscopy exhibits several advantages over IR spectroscopy and the SFG technique in analyzing solid/liquid interfaces: 3 (i) easy use of near-UV, visible, or near-IR light sources for the excitation of the Raman process, (ii) transparency of the electrolyte for the light beam, (iii) application of standard electrochemical cells without the need of using thin liquid cells, and hence, (iv) easy combination with electrochemical transient measurements in faradaic and non-faradaic regions, (v) easy obtaining vibrational bands related to the adsorbate-surface interaction in the low-frequency region (<500 cm -1 ). However, the lack of detection sensitivity has been a severe obstacle which had impeded the wide application of Raman spectroscopy in surface science and interfacial electrochemistry. In the absence of any resonance Raman or surface-enhancement processes, the typical differential Raman cross section (dσ/dΩ)NRS is less than 10 -29 cm 2 sr -1 compared with 10 -20 cm 2 sr -1 that of IR. 3 Especially in the analysis of adsorbates on the surface, the molecular quantity present is normally on the order of monolayer, or even submonolayer.
Accordingly, the corresponding surface Raman intensities expected for a monolayer adsorbates are less than 1 count per second (cps) when standard Raman spectrometer systems are used. 3 The discovery of surface-enhanced Raman scattering (SERS) in the 1970s, [6] [7] [8] that the Raman intensities for pyridine adsorbed at electrochemically roughened Ag electrodes were six orders of magnitude larger than those expected from the known differential Raman cross section for pyridine in solution, changed the situation of surface Raman spectroscopy. These findings stimulated worldwide experimental and theoretical research on SERS. Among the various proposed SERS mechanisms, "electromagnetic mechanism" (EM) 9 and "chemical effect" or "charge transfer" (CT) enhancement 10 have been widely accepted as the two main contributions to the giant surface enhancement. In the past two decades, with its high surface sensitivity and ease detecting vibrations in the lowfrequency region, SERS has been extensively applied in surface science, 3, 4, 9, 10 analytical science 11 and life science. 12 Although it has especially provided a wealth of information in understanding solid/liquid and solid/gas interfacial structures, its application was almost restricted to noble metals, i.e., Ag, Au and Cu. 3, 4, 9, 10 Therefore, it is worth finding other SERS substrates which are extensively used in variety of technologically important processes, such as Pt, Ni and Fe metals. Many researchers have been exploring very hard to attain this goal, but successful cases are few. Among them, Fleischmann's group 13 and Weaver's group 14, 15 took advantage of the long-range effect of the EM mechanism of the SERS substrate (Ag and Au) to explore the surface species over the ultrathin transition metal films deposited on SERS active Ag or Au substrates to analyze the adsorption and bonding configuration of adsorbate on those transition metal films. However, only recently, after the discovery of a special electrochemical deposition method to eliminate the problem caused by "pinholes" on the thin film by Weaver's group, [16] [17] [18] [19] [20] did this method attract renewed interest. From 1996, Tian's group has been seeking another approach to obtain a Raman signal from not only some very important pure transition metal surfaces, but also from semiconductor Si surfaces by taking advantage of a confocal Raman microscopy, and using special roughening procedures to obtain various SERS active substrates. [21] [22] [23] [24] [25] [26] [27] This allows them to obtain Raman signals over a wide potential range (e.g., -1.0 V to +1. 4 Thiocyanide ion adsorption on Pt and Ni electrode surfaces was investigated by confocal Raman microscopy. The effects on the adsorption behavior of SCN -by the electrolyte anion, concentration and applied potential were studied. The potential has a significant effect on the frequency shift of SCN -as a result of the electrochemical Stark effect. The adsorbability of the electrolyte anion has a significant influence on the surface Raman intensity of SCN -; the intensity follows the order Cl -<ClO4 -<F -. It can be explained in terms of competitive adsorption between the SCN -and the anion. It has been shown that surface Raman spectroscopy can be a sensitive tool for the in-situ analysis of the surface species and its configuration, such as surface complexes and films on transition metal electrodes.
various adsorbates or surface species (pyridine, pyrazine, thiourea, SCN -, CO and H etc.) and from various electrode surfaces (Pt, [21] [22] [23] [24] Ni, 21, 24, 25 Rh, Ru, Fe, Co 26 and Si 27 etc.); thus a detailed analysis of the molecular structure of various solid/liquid interfaces could be accomplished.
The halide and pseudohalide ions are well-known specific adsorbates in electrochemistry, which play a very important role in fundamental electrochemistry, industry and daily life (such as corrosion, metal plating etc.). Investigations into their surface behavior may provide helpful information for understanding the dynamics of the electrical double layer and revealing the mechanism behind these processes. 28 SCN -, because of its simple molecular and electronic structures, was chosen as the probe molecule in this study. It allows clear assignments of measured spectroscopic bands to molecular vibrations. 29 The shifts of these band positions caused by the adsorption and applied potential can be detected, and allow statements to be made about the nature of the adsorption mode and about the surface-adsorbate interaction. 1, 30 Although specifically adsorbed SCN -on Au, Ag and Pt surfaces have been studied by IR, 1,28,31-36 SFG 37,38 extensively, and many SERS investigations have been reported on Ag and Au, [39] [40] [41] [42] [43] [44] [45] but not Pt, there is to date no consensus on the potential-dependent behavior of the surface orientation. Both the S-and N-bound thiocyanide exhibit a CN stretching vibration in the 2050 -2165 cm -1 range; 1, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] therefore, the use of this band frequency alone as a criterion of the bonding could be somewhat risky. Moreover, a clear analysis of the IR spectra is not an easy task at all because the spectra are obtained as a difference between two applied potentials. It is highly desirable to obtain the corresponding information of the surface-adsorbate interaction, which was accomplished in our previous work on Pt electrodes, and allows us to distinguish species with different adsorption orientations. In this paper, the potential effect on the SCN -adsorption on the Ni surface was investigated. The anion effect on the adsorption behavior of SCN -on the Pt surface will be given as a supplement to our previous result of potential and concentration dependent Raman investigations, and as a comparative study of the SCN -adsorption on a Ni surface.
Experimental
Raman spectra were obtained using a confocal microprobe Raman system (LabRam I). The microscope attachment was based on an Olympus BX40 system and used a 50× long working-distance objective (8 mm), so that the objective would not be immersed in the electrolyte. A holographic notch filter was equipped to filter the exciting line, and two selective holographic grating (1800 g/mm and 300 g/mm) were employed for different purposes. A CCD was used as the detector. The exciting wavelength was 632.8 nm from a He-Ne laser with a power of 15 mW and a spot size of ca. 3 µm in diameter on the surface. The slit and pinhole of the spectrometer in experiments were 100 µm and 600 µm, respectively. With a 1800 g/mm holographic grating, the spectral resolution was 1.5 -3.0 cm -1 , varying with the spectral region. A potentiostat (PARC 173) was employed for potential control.
Ni and Pt working electrodes were prepared by inserting a polycrystalline Pt and Ni disk into a Teflon sheath; the geometric surface area was about 0.1 cm 2 . The electrodes were mechanically polished with 0.3 and 0.05 µm alumina powder to a mirror finish, followed by ultrasonic cleaning with triply distilled water. Since a proper surface treatment is extremely important in obtaining good-quality surface Raman spectra, different roughening procedures were applied to achieve possible surface enhancement for the Pt and Ni electrodes.
Regarding the Pt electrode, it was roughened by a procedure similar to that reported by Arvia et al. 46 In our case, a slight modification was made to obtain a better surface Raman signal, e.g., a square wave of 1.5 kHz with upper and lower potentials of 2.4 V and -0.2 V was applied to the electrode in 0.5 M H2SO4 for 10 min; the potential was then held at -0.2 V until electroreduction of the oxidized surface was completed. The electrode was then subject to potential cycles between -0.25 V and +1.2 V at 0.5 V/s until all unstable surface adatoms or clusters were removed and a reproducible hydrogen adsorption/desorption peak in the cyclic voltammogram was obtained. 22, 23 The real surface area could then be estimated by the charge quantities of the hydrogen adsorption/desorption. The surface enhancement factor was estimated to be about two orders. 23 Finally, the electrode was thoroughly rinsed and transferred to the spectroelectrochemical cell for measurements. The roughening procedure for the Ni electrode was relatively simpler. The mirror-like Ni surface was chemically etched in a 1 mol l -1 HNO3 solution for 5 -7 min. The surface became dark grey, and was then cleaned with triply distilled water. The surface area of this electrode was estimated based on a capacitance measurement, which was about 4; the surface enhancement factor was about three orders.
24,25

Results and Discussion
SCN
-adsorption on the Ni surface Figure 1 gives the surface-enhanced Raman spectra of SCNadsorption from the Ni surface in a 0.1 mol L -1 NaSCN + 0.1 mol L -1 KCl solution while changing with the electrode potential. As can be seen, the SCN -signal was detected on the Ni surface over a wide potential range from severe hydrogen evolution to the surface oxidation region (-2.0 V to +1.0 V). When the potential was kept at -2.0 V, two bands located at 2027 cm -1 and at 2070 cm -1 , assigned to the CN stretch, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] could be observed. At this very negative potential, severe hydrogen evolution may greatly alter the optical system on detecting, which may cause a decrease in the SERS intensity. It should be noted that the 2070 cm -1 band gradually developed into a shoulder due to the emergence of a central band around 2050 cm -1 with a positive potential change. However, it did not change in band position in the potential range -2.0 V to +0.6 V, which could be ascribed to the solution SCN -, according to the solution spectrum of free SCN -ion in an aqueous solution with a band at 2070 cm -1 . Instead the band at 2027 cm -1 appeared as a shoulder is absent in solution spectrum, indicating that it could be from the surface species. This band was found to increase in intensity with positive moving of the electrode potential. The band shifted to 2041 cm -1 at -1.6 V, with its full width at half maximum (fwhm) of 78 cm -1 . Upon further positive moving of the electrode potential, the band frequency keep blue shifting, while the fwhm became narrower. The maximum intensity was obtained at -1.0 V with its position at 2066 cm -1 and its fwhm at ca. 42 cm -1 . According to this spectral feature, it could be assigned to be the CN stretch of the SCN -with N boned on the Ni surface. This is evident based on the relatively low frequency value compared with the freesolution species. Based on a theoretical calculation, the N end SCN -is assumed to have a lower frequency compared with that of its free ion. 47, 48 It is evident that the electrode potential has a significant influence on the frequency of the adsorbed SCN -, which can be 226 ANALYTICAL SCIENCES FEBRUARY 2000, VOL. 16
well illustrated by a plot of the frequency against the electrode potential. The positive moving of the electrode potential leads to an increasing of νCN with a slope of 36 cm -1 /V, compared with that of 40 cm -1 /V in the Pt system. This could be explained as the electrochemical Stark effect. 49 When the SCN -adsorbs to the Ni surface, a charge-transfer process occurs inside the adsorbed systems. As a result, the non-bonding electron density of the S atoms shifts toward the C and N ends, causing the π electron of the N atom and the σ and π electrons of the σ and π bonds to shift towards the Ni atom. This kind of charge transfer is beneficial to form surface bonding between SCN -and the Ni surface. It can further enhance the CN bond of the adsorbed SCN -, thus leading to an increase in the vibrational frequency of the CN. Negative moving of the electrode potential weakens the interaction of SCN -with the Ni surface as well as the CN bond; consequently, the νCN frequency decreases.
The potential of zero charge (pzc) of the Ni surface is at about -0.3 V --0.4 V (SCE) in this solution, borrowing information from literature. 50 When the potential is more positive than the pzc, the spectral feature is more complex. A main band appeared at 2070 cm -1 ; at the same time, a shoulder located at 2120 cm -1 grew. Further positive shifting of the electrode potential resulted in an increase of this band intensity and a decrease of the intensity for the band at 2070 cm -1 ; and its band frequency around at 2125 cm -1 is very close to that of the νCN of bridged bound NCS. 51 The 2070 cm -1 band from the solution species was weakened as the solution species was oxidized, and the species concentration decreased considerably in the interfacial region. However, the frequency in the low-frequency region shows a quite abrupt change along with an increase in the anodic current when the potential shifts from -0.4 V to -0.2 V, at which point anodic oxidation of the Ni electrode occurs and the surface complex may form. Only one weak and broad band at 332 cm -1 increased rapidly with the appearance of another band at 291 cm -1 ; these two bands can be tentatively ascribed to the νNi-N and νNi-S vibrations. At 0 V, only one band can be observed at 332 cm -1 . The former band comes very possible from the surface complex of Ni 2+ and SCN -, because of anodic oxidation. Upon further positive moving of the electrode potential, two strong bands appeared at 469 cm -1 at 2186 cm -1 , respectively, which is a characteristic of bridge-bonded species, M-NCS-M, of the complex. 52 It is interesting to note that the very sharp band at 2186 cm -1 is distinctively different from another band also assigned as the surface complex. The former has a much smaller fwhm, and its band position is independent of the electrode potential. These two characteristics strongly confirm that the bands probably come from the insoluble surface film of multiple layers. Thus, it infers that at positive potentials from 0.2 V to 1.0 V the surface films are formed along with the anodic dissolution of the Ni surface.
The result is somewhat different from that of SCN -on the roughened Pt electrode surface. 22 In previous work, we investigated the effect of the electrode potential on the adsorption behavior of SCN -on the Pt surface. The potentialdependent Raman spectra of SCN -reveal that the N-bound adsorbate is favored at more negative potentials. Orientation conversion to the S-bound species occurs in a more positive region, depending on the SCN -concentration. In analogy to this, the adsorption process of SCN -on Ni can be divided into two potential regions: potentials more positive and negative than -0.6 V. When more negative, SCN -is adsorbed onto the Ni surface with its N end. However, for more positive potentials a surface reaction is anticipated; thus, various surface products, complexes and intermediates could be detected. In the case of Pt, no surface film could be found, even at a potential as positive as +1.4 V, while only the consumption of 227 ANALYTICAL SCIENCES FEBRUARY 2000, VOL. 16 SCN -due to the oxidation of this ion, itself, was found. 22 This result further shows that the Pt surface is much more stable than Ni at this high concentration and at positive potentials. The different behavior of SCN -on these two metal surfaces may come from different arrangements of the outer free electrons, although they are in the same group.
Our concentration-dependent Raman study reveals that the solution concentration of SCN -greatly affects the adsorption behavior of the SCN -on the Ni surface, as in the case of the Pt surface. 22 This leads to a narrowing of the adsorption potential range and an inability to obtain Raman spectra more positive than pzc as the result of oxidation of the Ni electrode surface, and hence a diminish of the SERS effect. However, in the Pt system, the signal can be detected at SCN -concentrations as lower as 10 -5 M, where a new C-N stretching band at ca. 2010 cm -1 appeared and was assigned to the bridge-bound SCN -due to the low surface coverage. 22 It has been reported based on IR spectroscopy that the supporting electrolyte also has a significant influence on the spectral feature. 28 It mainly influenced the electrochemical Stark value due to the different size of the cations in the compact double-layer region at the interface, which greatly changed the potential distribution normal to the surface. In this paper, the anion effect on the SCN -adsorption behavior is presented for both the Pt and Ni systems. NaSCN solution using 0.1 mol L -1 NaF, NaCl, and NaClO4 as the supporting electrolyte, respectively. These spectra gave a reasonable signal-to-noise ratio. The spectral features for the three electrolytes are quite similar, with the vibrational bands located in the region from 2000 cm -1 to 2200 cm -1 corresponding to the CN stretch in various forms, such as adsorbed species and surface complexes. The frequency shift with the electrode potential before the oxidation potential can be well understood by the electrochemical Stark effect as the result of a charge-transfer process in the Pt-CNS entity. The intensity change could be the combined as a result of the chemical effect mechanism and change in the surface orientation of the adsorbed SCN -molecules and the change in the surface coverage. However, the effect of the surface coverage could be minor, since it has been reported that SCN -could adsorb on the surface to the point of saturated ion over the whole potential region investigated. Several obvious differences in the Raman spectra obtained from these three solutions could be found. The integrated intensities for νCN at -0.8 V of the three systems follow the sequence INaF (1.0) > INaClO4 (0.72) > INaCl (0.44), and the band shape for the NaF system is more symmetric compared with that in ClO4 -and Cl -solutions. However, the tuning rate of the frequency of the CN stretch and the potential were almost identical to each other, which is different from the cation effect. 28 It is easy to understand the first difference after considering the adsorbability of the anions on metal surfaces, following the order F -<ClO4 -<Cl -. 53 In the case of F -and ClO4 -, as very weak adsorbates, they were expelled away from the electrode surface; because the main adsorbed species was SCN -, the anions had less influence on the vibrational feature of SCN -. However, in the case of Cl -, it is a strong adsorbate with comparable adsorbability with SCN -. It can compete with SCNand occupy some of the surface sites, thus leading to a decrease in the Raman signal of the adsorbed SCN -. It has been reported that N-bonded SCN -usually leads to decreasing CN vibration, and gives a broad band. However, the S-bound species gives a relatively sharp band at high frequency compared with the case of the free ion. The reason that the band tail appeared in the lower-frequency side observed in the ClO4 -and Cl -system, which is absent in F -system, is still unclear. But this species is very possibly related to the N-boned and bridge-bonded components.
The supporting electrolyte also has a similar influence on the Raman signal on the Ni system, compared with that of the Pt system. The major influence is on the Raman intensity. It was found that the Raman intensity for 0.01 mol L -1 SCN -in a 0.1 mol L -1 NaClO4 supporting electrolyte gives a higher intensity than that in a 0.1 mol L -1 NaCl solution, due to the competitive adsorption of Cl -with SCN -, while ClO4 -has a weaker adsorbability. As stated above, the cations have a significant influence on the adsorption behavior of the SCN -. A study 228 ANALYTICAL SCIENCES FEBRUARY 2000, VOL. 16 along this direction with Raman spectroscopy is now being pursued in our lab.
In summary, a surface Raman study on the adsorption behavior of thiocyanide has been performed. The potential has a significant influence on the adsorption configuration of SCN -on the Ni surface, where at negative potentials SCN -is adsorbed to the surface with its N end. At potentials more positive than pzc, surface complexes with various bonding configurations formed on the surface. A dramatic frequency shift of the CN stretch with the electrode potential, as the result of the electrochemical Stark effect, gave a value of about 36 cm -1 /V for Ni, close to that of 40 cm -1 /V for Pt. The electrolyte anion has been found to have a significant effect on the adsorption behavior of SCN -on both Pt and Ni electrodes; this effect follows the order of their adsorbability, i.e., Cl ->ClO4
->F -. The ability to detect the surface complex and the surface multilayer films demonstrates the advantage of surface Raman spectroscopy for identifying different surface species. This study clearly shows the applicability of surface Raman spectroscopy as a very sensitive surface analysis technique in identifying the molecular orientation and interfacial composition, especially for transition metals.
Further development of this technique, both in speed and sensitivity, will inevitably enable the detection of single-molecule spectroscopy and trace analysis with its high surface sensitivity being provided.
